Mass spectral measurements by electrospray ionization mass spectrometry (ESI-MS) detected the ions of -cyclodextrin (CD) or branched CDs (glucosyl-, galactosyl-, mannosyl-and maltosyl-CD)-prostaglandins (PGs: PGA 2 , PGD 2 , PGE 1 , PGE 2 , PGF 2 and PGJ 2 ) complexes, i.e., CD-PG complexes, with a host:guest ratio of 1:1 in the negative ion mode. This is the first study to report the ions of branched CD-PG complexes using ESI-MS. The inclusion complexes were determined by a flow injection analysis using acetonitrile/water. We could confirm by this method the presence of a CD-PGE 2 complex with a host:guest ratio of 1:1 in a solution-dissolved pharmaceutical formulation consisting of CD-PGE 2 (Prostarmon TM E tablet).
Cyclodextrins (CDs) are cyclic oligosaccharides that are produced from starch by cyclodextrin glucanotransferase (CGTase: EC 2.4.1.19). Six, seven or eight Dglucopyranose units linked by -1, 4 linkages are called -, -and -cyclodextrin, respectively. 1) The structural form of each CD is a truncated cone. The external surface is hydrophilic and the internal surface of the cavity is hydrophobic. Therefore, CDs are well known to form inclusion complexes with various compounds in an aqueous solution. This phenomenon has been widely used to improve the solubility, stability and efficacy of insoluble drugs by the pharmaceutical industry. 2, 3) Although the solubility of CD is very low, we know that the solubility of branched CD linked monosaccharide-containing glucose, galactose or mannose, or of oligosaccharide-containing maltose, is about 70-fold more soluble than the parent non-branched CD in water. The hemolytic activities of branched CDs linked with saccharides toward human erythrocytes in an isotonic solution were lower than those of non-branched CDs. 4) Branched CDs linked with saccharides are outstanding in their water-solubility for otherwise insoluble compounds. Therefore, inclusion complexes with branched CDs can be expected to increase the bioavailability of insoluble drugs in which non-branched CD is replaced by branched CDs.
Prostaglandins (PGs) are insoluble in water and chemically unstable due to the presence of ahydroxyketone moiety on the cyclopentane ring, and also by the presence of a carboxylic acid group. The cavity of a CD is favorable for the inclusion of a cyclopentane ring of PGs in an aqueous solution. 5) However, studies of CD-PG complexes have been limited to elucidating the formation by circular dichroism, UV and NMR. [6] [7] [8] In 1986, the determination of branched CDs by fast atom bombardment/mass spectrometry was performed because the method was suitable for ionizing molecules with a molecular weight exceeding 1000. 9) Subsequently, matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOFMS) has been used for structural analyses of branched CDs. 10) It was proved that cleaving branched monosaccharides or oligosaccharides was easier than binding D-glucopyranose units composed of CDs. Although an analysis of small-molecule CD complexes has been reported, branched CD-drug complexes have not been detected by using these methods. 11, 12) On the other hand, the detection of non-covalent receptor-ligand complexes by ion-spray mass spectromy To whom correspondence should be addressed. Fax: +81-795-23-5793; E-mail: n.yamane@jclbio.com Abbreviations: ESI-MS, electrospray ionization mass spectrometry; CD, -cyclodextrin; PG, prostaglandin; MALDI-TOFMS, matrix-assisted laser desorption/ionization time-of-flight mass spectrometry; Glc-CD, glucosyl-CD; Gal-CD, galactosyl-CD; Man-CD, mannosyl-CD; Mal-CD, maltosyl-CD; MM, molecular mechanics; MO, molecular orbital etry was first reported in 1991. 13) Inclusion complexes of amino acids, [14] [15] [16] [17] [18] [19] peptides 16, 20, 21) and drugs [22] [23] [24] [25] [26] with CDs have been studied by electrospray ionization (ESI). ESI-MS has been used to detect the ions of intact noncovalent inclusion complexes. However, it has been suggested that electrospray ion formation induced association and aggregation that were non-specific to the solution. 27) Cunniff et al. have also suggested that the complexes were electrostatic adducts formed during the electrospray process. 28) Since then, elucidation of the detection of true inclusion complexes has been actively pursued. The capillary electrophoresis migration time shift was utilized in order to prove that the ions of true non-covalent complexes had been detected. 24, 26) Srinivasan et al. have reported that there was correlation between association constants calculated from differences in migration time shifts and peak height ratios for CDs and their complexes obtained by LC/ESI-MS measurements. The results showed that CD-barbiturate complexation behavior in the gaseous phase was similar to that in the solution phase. 24) However, branched CD-drug complexes have not been detected even by ESI-MS.
In this present work, CD or branched CDs (glucosyl (Glc)-, galactosyl (Gal)-, mannosyl (Man)and maltosyl (Mal)-CD)-prostaglandin (PGs: PGA 2 , PGD 2 , PGE 1 , PGE 2 , PGF 2 and PGJ 2 ) complexes were studied by ESI-MS. In this case, the inclusion complexes were formed by mixing a solution of both CDs and PGs. The structures of CDs and PGs are shown in Figs. 1 and 2, respectively. A solution-dissolved pharmaceutical formulation of CD-PGE 2 (ProstarmonÔ E tablet) was also measured in order to confirm the presence of the inclusion complex by using this method.
Materials and Methods
Materials. CD, Glc-CD, Gal-CD, Man-CD and Mal-CD were obtained from Ensuiko Sugar Refining Co., Ltd. (Yokohama, Japan). The PGA 2 solution, PGD 2 Mass spectral measurement. Mass spectra were measured with TSQ7000 apparatus (Thermo Fisher Scientific, San Jose, CA, USA) equipped with an ESI source and operated in the negative ion mode. The heated capillary temperature, electrospray voltage and sheath gas (N 2 ) pressure were 150 C, 4.5 kV and 50 psi (345 kPa), respectively. Acetonitrile/water (6:4, v/v) was pumped at a flow rate of 0.02 ml/min with a Waters 626 pump (Waters Corporation, Milford, MA, USA). The injection volume was 5 ml. Mass spectra were determined by a flow injection analysis. 
Results and Discussion
We first tried to see if a CD-phenobarbital complex could be detected by MALDI-TOFMS, because we knew that the inclusion complex was formed with a host:guest ratio of 1:1. 30) When 2,5-dihydroxybenzoic acid as the matrix was used, the adduct ion of [CD + Na] þ was observed in the positive ion mode. When norharmane as the matrix was used, deprotonated ions of CD and phenobarbital were observed in the negative ion mode. The ion of the inclusion complex could not be detected. In response to this we changed the ionization to ESI, whereby molecules were ionized in the process of transfer from the solution to gaseous phase. In the case of the general analysis, the heated capillary temperature, electrospray voltage, sheath gas (N 2 ) pressure and auxiliary (N 2 ) gas were 250 C, 4.5 kV, 70 psi (483 kPa) and 10 psi (69 kPa), respectively, when the flow rate for the mobile phase was 0.2 ml/min. However, under these conditions, only deprotonated ions of CD and phenobarbital were observed in the negative mode. It is considered that the host and guest molecules were separated by the ionization process. We carried out this process in many ways by adjusting the aforementioned conditions. Finally, the flow rate was decreased to 0.02 ml/min and the temperature subsequently decreased to 150 C. The sheath gas was set to 50 psi (345 kPa) and no auxiliary gas was used. Since the flow rate was low and ionization of the samples was achievable with the sheath gas alone, vaporization was sufficient even with no auxiliary gas. We applied the resulting adjustments as a basis on which to the measure the CD-PG complexes.
The concentration for the complexes in solution was then determined. When the concentrations for CDs were set to 0.1 mM, the concentrations for PGs were changed to form inclusion complexes with CDs. The complexes were detected when the host:guest ratio of concentrations was 10:1. Accordingly, the samples were prepared with CDs Figure 3 shows the mass spectra of the CD-PGF 2 complexes. All inclusion complexes were detected without cleavage of the branched monosaccharides or oligosaccharides. The ions of CDs and PGs that did not form inclusion complexes were also detected together.
In mass spectral measurements by ESI-MS in the negative ion mode, it has been reported that the ionization of inclusion complexes occurred by deprotonation of the guest molecule. 16, 22) In this study, the hydrogen atom of the carboxylic acid group in the PGs was eliminated as a proton, and a carboxylate anion was produced. In addition, MM calculations were performed to investigate the stable geometric conformations of the CD-PG complexes. The results show that there was more stability in the CD-PG complexes with the five-membered rings of the PGs inserted into the primary or secondary hydroxyl sides of CDs than in the complexes with the PGs inserted with a carboxylic acid side chain, alkyl side chain or both into the CD cavities. It was confirmed that the cavity of each branched CD was not covered by branched saccharides, and there was also no interaction between branched saccharides and the side chains of PGs. Examples of the stable geometric conformations of the Glc-CD-PGF 2 complex are shown in Fig. 4 . We judged whether the detected ions were true CD-PG complexes or not according to the following observation: The five-membered rings of PGs, with their hydrophobic moiety and being within a solution, would be drawn into the CD cavities by hydrophobic force, and thus form CD-PG complexes. Complexes existing in the solution phase can be transferred to the gaseous phase without breaking their non-covalent binding, and thereafter, the carboxylate anion of PG (the guest molecule) is detected in the negative ion mode.
This developed method was used to detect the presence of a CD-PGE 2 complex in a solution-dissolved ProstarmonÔ E tablet, because pharmaceutical formulations consisting of branched CD-drug complexes have not yet been marketed. The tablet was dissolved in methanol/water (1:1, v/v), because it was less soluble in water alone. 29) One tablet contains the additives, anhydrous citric acid, magnesium stearate, light anhy- drous silicic acid and D-mannitol, in amounts approximately 200 times more than that of dinoproston. Although there was concern that these additives might interrupt ionization of the inclusion complex, the ion [CD + PGE 2 À H] À at m=z 1485 for the CD-PGE 2 complex could be detected (Fig. 5) . The ions at m=z 1315 and 1497 were assigned to [CD + D-mannitol À H] À and [CD + 2D-mannitol À H] À , respectively. This result proves the presence of a CD-PGE 2 complex in the solution-dissolved pharmaceutical formulation consisting of CD-PGE 2 . The inclusion complexes would surely exist even in a liquid formulation as well; it is thus indicated that it would be possible to detect inclusion complexes in a biological sample whether the formulation were to be administered orally or intravenously. We are convinced that this method is also applicable to pharmaceutical formulations consisting of branched CD-drug complexes. Various branched CDs have been synthesized in the last decade, and it is known that branched saccharides play important roles in the recognition of receptors on the cell surface and that the affinity depends on the kind of saccharide and how many saccharides are present. [31] [32] [33] This is expected to advance drug delivery systems, especially for intravenous administration. We consider that, in the future, this analytical method will applicable to the qualitative analysis of branched CD-medicine complexes in pharmaceutical formulations, liquid formulations and biological samples.
